This paper presents analytical studies on the long-term behaviour of circular concrete filled steel tubular (CFT) columns under central axial loading. Two loading cases are considered in this study: (1) a load applied only at the inner core concrete of a CFT column; and (2) a load applied simultaneously on both the inner concrete and the steel tube. Analysis methods are formulated based on compatibility, equilibrium conditions, and a number of assumptions for the two loading cases. Bond behaviour between the inner concrete and the steel tube along with confinement created by the steel casing are considered in the formulation. Experiments were performed for CFT column specimens under the aforementioned two loading cases to verify analysis methods. Analysis results exhibit good agreement with test results, and therefore the validity of the assumptions used in the formulation and the accuracy of analysis methods is proven. Furthermore, the following features of the long-term behaviour of circular CFT columns under these loading cases are revealed by test and analysis results. In the case of loading at the inner concrete of the CFT column, the strains of both the concrete and steel tube are non-linearly distributed along the longitudinal axis of the CFT column because of the bond stress and the confinement effect. Slip occurs and becomes larger with time due to the difference between the strain distributions of the concrete and the steel tube, which also increases with time. In the case of loading on the entire section of the CFT column, the strains of both the concrete and steel tube are uniformly distributed along the longitudinal axis of the column. As loading time increases, however, the stress acting on the concrete section decreases, while the stress of the steel tube section increases. The confinement effect of the concrete does not appear at initial loading or in long-term deformation.
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Introduction
Concrete filled steel tubular (CFT) columns have attracted strong interest and are widely used in structural applications, especially in high-rise buildings. Their increased popularity derives from excellent structural properties such as high strength, high ductility, and large energy absorption capacity. [1] [2] [3] However, a disadvantageous feature of a CFT column is its timedependent deformation due to creep and shrinkage of the inner concrete. Long-term loading of CFT columns can induce differential column shortening, which warps a structure consisting of CFT columns and causes serious serviceability problems. Therefore, in order to maintain a concrete structure in a proper working state and to ensure more efficient usage of CFT columns, it is necessary to investigate the long-term behaviour of CFT columns. Although some researchers have performed a few studies designed to ascertain the properties of long-term behaviour, 4-7 the long-term behaviour of a CFT column has not been fully studied. In addition, the critical issues of predicting the magnitude of long-term deformation and stress variation under various loading cases have not been previously considered. The uniform contact between inner concrete and steel tube is an indispensable condition to ensure excellent mechanical performance of a CFT column. This continuity between concrete and steel tube allows stress transfer between two constituents when a load is applied. The stress transfer is attained by relying on a natural bond between the constituent elements, mechanical shear connectors on the inside of steel tube, 1, 8 or a diaphragm on the inside of the steel tube. When a load is applied to a CFT column and the composite action is ensured, a portion of the load is transferred to the inner concrete, and the long-term deformation of the column occurs due to the creep of the inner concrete. To fully understand the long-term behaviour of CFT columns, each case of stress transfer achieved by natural bonding, shear connectors, or diaphragms must be considered and investigated. However, the analysis of long-term behaviour of CFT columns with shear connectors or diaphragms is more complex and sophisticated than the case of natural bonding. Thus, prior to analysing the long-term behaviour considering the effects of shear connectors or diaphragms, the behaviour in the case without shear connectors or diaphragms must be precisely understood.
In this study, analysis methods on the long-term behaviour of circular CFT columns with no shear connectors and no diaphragms under concentric loads are newly formulated based upon compatibility, equilibrium conditions, and some assumptions. Two loading cases are considered in the analysis methods: (1) a load applied only at the inner core concrete of a CFT column (CFTC); and (2) a load applied simultaneously on both the inner concrete and steel tube (CFTE). The established analysis methods consider the bond behaviour between the constituent elements along with the confinement effect. Experiments for four CFT column specimens and two concrete specimens were carried out to verify the analysis methods. Test results obtained from this study and test data extracted from the literature 4 show good agreement with analytical results for CFT column specimens; therefore the analysis methods formulated in this study are demonstrated to be accurate and valid. From the analysis and test results, the following aspects are also derived. In the case of loading the inner concrete of the CFT column, the strains of both the concrete and steel tube are non-linearly distributed along the longitudinal axis of the CFT column because of the bond stress and the confinement effect. Due to the difference between the strain distributions of the concrete and steel tube, slip occurs and increases with time. In the case of loading on the entire section of the CFT column, the strains of both the concrete and steel tube are uniformly distributed along the longitudinal axis of the column. Stress action on the concrete section decreases with time, whereas that on the steel tube section increases. The confinement effect of concrete does not appear at initial loading and in long-term deformation.
Formulation of analysis methods

General
A cylindrical coordinate system (r, Ł, z) is used in this formulation. Fig. 1(a) presents the coordinate axes of a cross-section of a CFT column, in which the z-axis lies along the longitudinal direction. The bottom of the CFT column is chosen as the origin of the coordinate system, as shown in Fig. 1(b) , since this provides simplified formulation associated with the selected integration direction from the bottom to the middle of the column.
The following assumptions are made in the formulation of the analysis method.
(a) The behaviour of the concrete and steel tube is elastic at initial loading. This research on longterm behaviour is mainly concerned with serviceability of structures in the working state. In actual structures, working stress applied to a member or structural material is under 30-40% of ultimate strength due to safety factors considered in structural design. Therefore, in this study, stress above the elastic range is ignored. (b) Deformations of both the concrete and steel tube remain plane. The shear deformation due to bond stress between the inner concrete and steel tube is ignored. (c) The relation between bond strength ô b (z, t 0 )and lateral stress of the inner concrete can be written as equation (1) 9 and is assumed to be valid along the longitudinal axis. This relation is used to consider the confinement effect and bond behaviour between the inner concrete and steel tube in the analysis method.
where a and b are experimental constants and ó rr,c (z, t 0 ) is the lateral stress of the inner concrete. Bond strength can be regarded as a friction, which is interpreted as a product of the coefficient of friction and the normal reaction force against the contact surface. In equation (1), the constant b corresponds to the coefficient of friction and ó rr,c (z, t 0 ) to the normal reaction stress against the surface where the concrete contacts the steel tube. The constant a is regarded as an adhesion. (d) Shrinkage is not considered in this study. The inner concrete of a CFT column is not exposed to outer air due to the steel tube and thus drying shrinkage is prevented. Even if autogenous shrinkage of the inner concrete occurs, the magnitude of autogenous shrinkage is not large and most autogenous shrinkage occurs at an early age. Autogenous shrinkage is negligible in general but can be easily included in this formulation. In experiments, the load was applied at 28 days after casting, and the effect of autogenous shrinkage can thus be ignored in this study.
Short-term behaviour
The instantaneous stress and strain distributions in CFT columns after loading must be studied prior to analysing long-term behaviour because the analysis results of short-term behaviour are used as initial conditions for the analysis of long-term behaviour.
CFTC (Case of loading only at the inner concrete of CFT column)
In this loading case, the concrete is confined by the steel tube. Therefore, the concrete and the steel tube are under a multi-axial stress state. The stress-strain relationships of concrete and steel tube in the lateral direction are given by equations (2) and (3), respectively.
where the subscripts c and s denote concrete and steel tube, respectively, and t 0 is the age at initial loading. The relationship between the bond stress, ô b , acting on the interface between the concrete and steel tube, and their vertical stresses ó zz,c and ó zz,s , respectively, are as follows.
where ç is the variable of integration, r is the ratio of the steel tube cross-sectional area to concrete crosssectional area, and r 1 and r 2 are the inner and outer radii of the steel tube, respectively. The relationships between the lateral stresses, ó rr,c , ó ŁŁ,c , ó ŁŁ,s are 10,11
The radial stress of the steel tube, ó rr,s , can be ignored when the thickness of the tube is thin relative to the diameter. By substituting equations (4), (5), (6) and (7) into equations (2) and (3), equation (8) is obtained from the compatibility condition of å rr,c (z, t 0 ) ¼ å rr,s (z, t 0 ). 
where
From equation (8), the first-order differential equation is obtained as shown in equation (9) .
As equation (1) represents the relationship between bond strength on the interface and the lateral stress, ó rr,c (z, t 0 ), 10 equation (9) can then be solved as
From equation (10), the stress and strain distributions in all directions of the CFT column can be obtained.
CFTE (Case of loading on the entire section of CFT column)
In this loading case, the vertical strains and the stresses have the following relationships.
Equation (13) is the boundary condition.
Thus, the lateral strains can be obtained by the following equations.
The elastic Poisson's ratio of concrete has a range of 0 . 15 to 0 . 20, 12 while the Poisson's ratio of steel is about 0 . 28 to 0 . 30. Therefore, the inner concrete of the CFT column is not confined by the steel tube because the lateral deformation of the inner concrete is smaller than that of the outer tube.
Long-term behaviour
CFTC
Creep Poisson's ratio í cp has generally been used to analyse the multi-axial creep effect. Some researchers have investigated creep Poisson's ratio under multiaxial stress. [13] [14] [15] In this paper, the existing research results on creep Poisson's ratio are used in analysis methods of long-term behaviour of a CFT column. Stress in each direction of the CFT column is expected to vary with time due to multi-axial creep. Ageadjusted effective modulus method, 16 developed by Bazant, is used to consider stress variation with time.
The creep strains of the inner concrete under multiaxial stress at an arbitrary time, t, after initial loading are as follows.
where å rr,c,cu (z, t), å ŁŁ,c,cu (z, t), and å zz,c,cu (z, t) are creep strains when it is assumed that only uniaxial stress is acting in a corresponding direction. These strains can be written as
where ó rr,c (z, t 0 ), ó ŁŁ,c (z, t 0 ), and ó zz,c (z, t 0 ) are stresses at time t 0 , and E c (t 0 ) is the elastic modulus at initial loading. In the above equations,˜ó rr,c (z, t), ó ŁŁ,c (z, t),˜ó zz,c (z, t) are variations of the stresses from time t 0 to t. ö(t, t 0 ) is the creep coefficient and ÷(t, t 0 ) is the ageing coefficient.
Equations (4), (5), (6) and (7) are still valid for longterm behaviour. From the compatibility conditioñ å rr,c (z, t) ¼˜å rr,s (z, t), the following differential equation can be obtained.
The solution of equation (22) is as follows
and
From equation (23), stress or strain distributions in each direction of the CFT column can be obtained at an arbitrary time t.
CFTE
The equilibrium condition at an arbitrary time, t, is
where A c and A s represent the cross-sectional areas of the concrete and steel tube, respectively. The strain variation in each direction of the inner concrete from time t 0 to t can be written as the following equations.
The strain variations of the steel tube are as follows
From the equilibrium condition of equation (24) and the compatibility condition of equation (28),˜ó zz,c (t) can be obtained as equation (30) 
Experiments and verification of analysis methods
Experiments Test programme. Experiments were performed on four CFT column specimens and two concrete specimens, as outlined in Table 1 . The length of the CFT column specimens was 560 mm and the cross-sections were circular with a 140 mm outer diameter. The thickness of the steel tubes was 2 . 9 mm. All CFT column specimens were filled with concrete. The concrete specimens were made of the same concrete mix as the inner concrete of the CFT column specimens. The length and diameter of the concrete specimens were 300 mm and 150 mm, respectively. The concrete specimens were sealed in plastic film to prevent drying shrinkage. Figure 2 shows the types of loading applied to the CFT column specimens and the concrete specimens. The applied loads were estimated considering working stres- ses in practice; 320 kN was applied to the inner concrete portion of two CFT column specimens (CFTC), 370 kN to the entire section of the other two CFT column specimens (CFTE), and 310 kN to two concrete specimens. The age of concrete at loading was 28 days and the loads were sustained for 65 days. Materials. Tables 2 and 3 show the properties of constituents used in the concrete and the concrete mix proportions, respectively. The steel tubes were heat-treated to eliminate residual stress. The compressive strength of concrete at 28 days was 57 . 1 MPa and the modulus was 37 . 7 GPa. The modulus of the steel tube was 212 . 7 GPa and the yield strength was 264 . 7 MPa. The Poisson's ratios of the steel tube and concrete at loading were 0 . 29 and 0 . 15, respectively.
Location of gauges. Embedment gauges were located in the middle of all six specimens to measure the strains of the concrete. Fig. 3(a) shows the steel gauge locations in the CFT column specimens under loading of the concrete (CFTC). Vertical gauges were attached on opposite sides of the tube and horizontal gauges were attached at three locations, with a 1208 separation between them. Fig. 3(b) shows the steel gauge locations of the CFT column specimens under loading of the entire section (CFTE). Vertical gauges and horizontal gauges were attached on directly opposite sides. The positions indicated in Fig. 3 show the steel gauge locations in the longitudinal direction. The same positions are used in the symmetric locations.
Verification of analysis methods
General
The friction coefficient represented by the constant b of equation (1) basically relies on smoothness of the interface between concrete and steel. The numerical value of b has been revealed to be in the range from 0 . 3 to 0 . 6 based on the experimental work by Baltay and Gjelsvik. 17 The concrete-steel interfacial properties develop with the curing time due to cement hydration after placing concrete. It is crucial to choose proper numerical values representing interfacial friction and adhesion since the analysis results are strongly dependent on the interfacial properties. Therefore, additional interface tests were performed for the purpose of determining the constants a and b of the steel-concrete interface in the CFT column specimens. 9 From the test results, the friction coefficient and the adhesion were estimated to be 0 . 5 and 0 . 78, which were employed in the present analyses. The mechanical properties of the concrete, the steel tube and the dimensions of the CFT column specimens were used in this analysis. The analysis was performed from the bottom of the CFT column specimen to the middle to take advantage of the symmetry of the specimen.
The creep coefficient ö(t, t 0 ) and ageing coefficient ÷(t, t 0 ) are needed in the analysis of the long-term behaviour of CFT columns using equations (23), and (25). The ageing coefficient was considered to have a value of 0 . 8, which is usually used when stress does not change abruptly with time and concrete age is not very young. 16 In the case of the creep coefficient, existing creep models such as ACI, 18 CEB-FIP 1990, 19 and the B3 model 20 can be applied to long-term analysis. However, these models do not accurately predict the creep evolution of the inner concrete of CFT column specimens because concrete material has much uncertainty and scattered creep test data were used in calibrating these models. Therefore, concrete specimens were manufactured, and a basic creep test for the specimens was performed to determine an accurate creep coefficient of the inner concrete of the CFT column specimens. Fig. 4 shows the basic creep strain measured in the concrete specimen (CFTC) and its creep coefficient. The creep coefficient was analysed from regression using the following equations, which are similar to the ACI model.
where t 0 and t represent the concrete age at initial loading and the arbitrary age after loading, respectively. AE, â and ö u obtained from the regression were 0 . 64, 6 . 02, and 0 . 81, respectively.
Short-term behaviour
To verify the analysis methods, a comparison of test results with the results obtained from the analysis of the CFT column specimens was made. Because shortterm analysis results are used as the initial conditions of the long-term analysis, the accuracy and validity of the short-term analysis methods must be verified in advance. In the referenced figures, a negative sign denotes compression and a positive sign denotes tension. Figure 5 shows the measured strains and the analysis results for the short-term behaviour of CFT column specimens under load applied on the inner concrete (CFTC). In Fig. 5(a) , the measured vertical strain of the inner concrete using an embedded concrete gauge of 6 cm length is represented as a dashed line. Agreement between the measured strains and the analysis results is acceptable, and thus the short-term analysis method for this loading case is validated. Figure 6 shows the measured vertical and lateral strains and the analysis results at initial loading for the case of loading on the entire section of the CFT column specimen. As shown in this figure, the measured strains and the analysis results also have good agreement.
This comparison demonstrates the capability of the proposed analysis method in accurately predicting the short-term behaviour of CFT columns. Figure 7 shows a comparison of the analysis results with the measured strains for the CFT column specimens under the first loading case. It can be seen that the analysis results satisfactorily reflect the long-term behaviour of the column.
Long-term behaviour
Terry et al. 4 performed creep tests on circular CFT column specimens. The specimens were 600 mm high with an outer diameter of 200 mm. The internal surface of 1 . 0 mm thick steel casing was deliberately greased prior to placing the inner concrete. The specimens were subjected to an axial load of 350 kN applied on the inner concrete at 18 days. The creep coefficient of the inner concrete was determined from basic creep tests preliminarily performed on sealed plain concrete cylinders. The constants AE, â and ö u defined in equation (31) were estimated to be 0 . 6, 10, and 2 . 3, respectively. In the present analysis, the generally accepted Poisson's ratios 12 of the inner concrete (0 . 18) and steel tube (0 . 3) were adopted for the calculation of strains. The elastic modulus of steel tube was also assumed 196 GPa. Fig.  8 compares the measured strains at the middle of the specimens 4 with the optimum fits obtained from the analysis according to the proposed method. As can be seen in Fig. 8 , the analysis results provide a very close description of the test data. This indicates that the proposed analysis method is potentially applicable to various CFT columns with different dimensions and different concrete mixes.
In the present study, we assumed that the greased internal surface of steel tube resulted in negligible adhesion, represented by the constant a in equation (1), whereas the friction coefficient b in equation (1) needed to be properly evaluated. We performed a regression analysis based on Marquardt-Levenberg method 21 to obtain the friction coefficient. This analysis resulted in the constant b optimised at -0 . 12, which is much smaller in terms of absolute value when compared with the friction coefficient for a non-greased surface. 9, 17 This is most likely because the concretesteel interface exhibits drastically reduced friction due to the greased inner surface of the steel tube. Figure 9 shows the vertical strains and the horizontal strains obtained from the tests and the analysis for specimens under the second loading case.
The analysis results of the short-term and long-term behaviour for the two loading cases closely coincide with the test results; as such, the validity of the assumptions used in the formulation, and the accuracy of the analysis methods, are proven.
Some important features of the long-term behaviour of CFT columns under the two loading cases were determined from the test results and the analysis results. These are discussed in the following section.
Results and discussion
Slip between inner concrete and steel tube Figure 7 (a) shows the vertical strains in a CFT column specimen under loading only at the concrete section (CFTC). The strain of the inner concrete increases with time due to creep, while the variation of strain in the steel tube is relatively small. The difference between the strains of the steel tube and inner concrete begins at initial loading and increases with time. The difference of strains distributed along the longitudinal axis of the CFT column results in slipping between the inner concrete and the steel tube. This indicates that slip occurs at the time of loading and increases with time. The vertical strain distributions of the inner concrete and the steel tube were obtained from analyses and are shown in Fig. 10 . At initial loading, the vertical strains of the inner concrete are non-linearly distributed along the longitudinal axis of the specimen and become smaller from the bottom of the specimens toward the middle, while the vertical strains of the steel tube are also non-linearly distributed and increase from the bottom to the middle. Both vertical strains increase with time, and the difference between both of the strains becomes larger as time elapses. Therefore, slip occurs at initial loading and becomes larger with time. This phenomenon of slip was revealed by the analysis method, as shown in Fig. 11 . Figure 9 (a) shows the vertical strains in the CFT column specimen under loading upon the entire section (CFTE). The strains increase with time due to creep of the inner concrete. However, the strains of the concrete and the steel tube have almost the same magnitude at initial loading and remain identical with time, unlike the case of loading only the concrete portion. Slip is caused by the difference between vertical strain distributions of the concrete and the steel tube. In this case, the difference of the measured vertical strains is minute and can be neglected. Therefore, it is safe to assume that slip between the inner concrete and the steel tube does not occur.
Confinement effect of inner concrete by steel tube
The lateral strains of the steel tube in the CFT column specimens are presented in Fig. 7(b) and Fig.  9(b) . As shown in Fig. 7(b) , the lateral strains range from 100 3 10 -6 to 150 3 10 -6 and increase slightly with time. These strains are due to a combination of Poisson's effect of the vertical strain of the steel tube and the confinement effect of the concrete by the steel tube. In Fig. 9(b) , the strains are merely due to Poisson's effect of the vertical strain of the steel tube. The confinement pressure distribution of the inner concrete along the longitudinal axis, and the lateral stress distribution of the steel tube for the first loading case, were obtained from the analyses, and the results are shown in Fig. 12 . The confinement pressure and the lateral stress in the steel tube are compression and tension, respectively, by the equilibrium condition. These stresses decrease from the bottom toward the middle of the specimen, and increase with time.
Bond stress between inner concrete and steel tube
The results mentioned above show that slip between the two constituents and the confinement effect of concrete by the steel tube occur at the same time for the case of loading on only the concrete section of a CFT column specimen. From this behaviour, it can be shown that bond stress acts on the interface between the inner concrete and steel tube. In CFTC, the bond stress was calculated from analysis and the distributions of the bond stress are shown in Fig. 13 . The bond stress increases with time due to the relationship between the bond stress and the lateral stress of inner concrete, as represented by equation (1) . As shown in Fig. 14 , bond stress increases the vertical stress in the steel tube over time, and the vertical stress of the inner concrete decreases over time, thus satisfying the equilibrium of both the vertical stresses and the applied load to the column. At the bottom of the column, the vertical stress of the two constituents remains constant with time because of the boundary condition where load is only applied to the concrete section of CFT column. The distribution of the bond stress results in larger vertical strain of the steel tube at positions further from the loading surface. In Fig. 10(b) , the vertical strain reaches its largest value toward the middle of the specimen.
In Fig. 9(a) , the vertical strains of the steel tube along the longitudinal axis have the same magnitude at initial loading and over time. This means that bond stress does not occur at the interface between the inner concrete and steel tube.
Stress redistribution between inner concrete and steel tube with time
Stress redistribution between the inner concrete and the steel tube proceeds with time, because the steel tube does not exhibit creep deformation at room temperature, whereas the inner concrete possesses creep properties.
In CFTC, vertical stresses of the inner concrete and the steel tube are non-linearly distributed along the longitudinal axis. The variation of the vertical stress distributions with time was obtained from the analysis, as shown in Fig. 14 stress variation in the inner concrete is smaller than that in the steel tube because the cross-sectional area of the inner concrete is much larger than the cross-sectional area of the steel tube. In CFTE, vertical stresses of the inner concrete and steel tube are uniformly distributed along the longitudinal axis, and the vertical stress variations with time at an arbitrary cross-section were calculated analytically. Fig. 15 shows the redistribution between the inner concrete and steel tube. In this loading case, it is shown that the vertical stress of the steel tube increases and that of the inner concrete decreases over time.
Discussion on practical application of this research work and further study Two loading cases considered in this study are idealised situations and hardly occur in real structural systems. In practice, the stress is transferred to inner concrete by a diaphragm or shear connector installed on the interior of the steel casing. When these stresstransferring elements are introduced to CFT columns and external load is applied, the boundary condition for stresses applied on the end cross-section of the CFT column, the bond stress and the stress states of the inner concrete and the steel tube are expected to be different from the situations in this study. The proposed analysis method is applicable to diverse loading cases by adjusting the boundary condition, the friction coefficient and the other inputs while further improvement on how to efficiently adjust these needs to be made. This issue will be addressed in a follow-up paper.
Conclusions
From the results of the present study, the following conclusions can be drawn. The validation of these conclusions applies within the limited scope of the experimental programme for the two loading conditions, which includes the condition of loading applied at the inner core concrete of a CFT column (CFTC), and the condition of loading simultaneously applied on both the inner concrete and the steel tube (CFTE). 
